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SYNOPSIS

     The thesis entitled “Approaches Towards the Total Synthesis of Bioactive Macrolides: Leucascandrolide A, Amphidinolactone A and Aspergillide B” has been divided into three chapters. 
CHAPTER I: This chapter is further divided into two sections.
Section A: This section describes a brief introduction to pyran containing bioactive natural                    products and previous approaches for the macrolide core of Leucascandrolide A.
Section B: This section deals with the total synthesis of the macrolide core of Leucascandrolide A.
CHAPTER II: This chapter is again subdivided into two sections.
Section A: This section deals with a brief introduction to olefin metathesis reaction and previous approaches for Amphidinilactone A.
Section B: This section describes the synthesis of the macrolactone Core of Amphidinolactone A.
CHAPTER III: This chapter is further divided into two sections.
Section A: This section includes introduction and previous approaches for Aspergillide B.
Section B: This section describes stereoselective approach towards the total synthesis of Aspergillide B.

CHAPTER I: Section A:
	This Section describes the introduction to “Pyran Containing Bioactive Natural Products and Previous Approaches for Macrolide Core of Leucascandrolide A ”.
CHAPTER I: Section B:
           This Section deals with the “Total Synthesis of the Macrolide Core of Leucascandrolide A”.
       In 1996, Pietra and co-workers identified a new genus of calcareous sponges Leucascandra caveolata obtained from the northeastern coast of New Calendonia Coral Sea, which resulted in the discovery of a highly complex natural product designated as leucascandrolide A (1). This macrolide exhibits high in vitro cytotoxicity against human KB and P388 tumor cell lines displaying IC50 values of 0.05 and 0.25 μg/mL, respectively. The natural product also possesses potent antifungal ability against Candida albicans, pathogenic yeast that attacks AIDs patients and other immunocompromised individuals. Additionally, following hydrolysis of the C5 ester linkage, biological testing of the 18-membered macrocyclic core and the separated side chain demonstrated that the macrocyclic domain is solely responsible for the cytotoxicity, while the oxazole-containing unsaturated side chain appears to be responsible for the antifungal activity. The highly oxygenated 18-membered macrolide (1) has eight stereogenic centers and three alkenes and also features two trisubstituted tetrahydropyran rings, one of these having an unusual oxazole-containing side chain axially appended at C5. A subsequent report indicates that leucascandrolide A is no longer available from its initial natural source. It has been proposed that leucascandrolide A and its cometabolite leucascandrolide B are products of opportunistic microbial colonization of the sponge, as evidenced by the large amounts of dead tissue in the initial harvest of Leucascandra caveolata. Currently, there is no natural source of leucascandrolide A. Based on its impressive biological activity, inaccessibility from natural sources, and structural complexity associated with ample synthetic challenges, the construction of leucascandrolide A has spurred considerable synthetic interest, resulting in several total and formal syntheses.
       We achieved a unique synthetic solution for the synthesis of leucascandrolide  featuring a concise, convergent, and highly stereoselective approach to this complex natural product. Our interest for 1 arose from studies in which we demonstrated that the critical trans-2,6-disubstituted tetrahydropyran relevant to the C11-C15 fragment would be prepared following a recently developed iodocyclization of δ-hydroxy α,β-unsaturated aldehyde with allyltrimethyl silane in the presence of molecular iodine (Scheme 1). The second most important reaction was to apply a Prins-type macrocyclization which has recently emerged as a successful strategy in the synthesis of polyketide derived complex natural products.

Retrosynthetic analysis of the leucascandrolide A
       The retrosynthetic analysis of Leucascandrolide A is shown in Scheme 1. From the retrosynthetic perspective, disconnection of Leucascandrolide A at the macrolactone core 2 and the oxazole containing side chain 3 at the C5 hydroxyl yeild two fragment 5 and 8. The macrolactone core 2 could be obtained through a late stage Prins-cyclization. The alcohol fragment 5 could be prepared from the C11-C15 pyran of 6 which could be obtained following our recently reported protocol. The δ-hydroxy α,β-unsaturated aldehyde 7 precursor for the iodocyclization reaction as well as the acid fragment 8 could be obtained starting from a known chiral epoxide 9.

















Scheme 1
Synthesis of the alcohol fragment, 5
       The journey towards the synthesis of 2 commenced with the conversion of the epoxide 9 into a homoallyl alcohol 10 through the copper-(I)-catalyzed addition of a vinyl Grignard reagent. The hydroxyl group of alcohol 10 was converted to its methyl ether 11 by using MeI and sodium hydride followed by cross metathesis with Hoveyda-Grubbs catalyst affording the α,β-unsaturated aldehyde 12. The aldehyde was then subjected to asymmetric epoxidation under Jørgensen’s conditions with H2O2 in the presence of a proline-derived catalyst to furnish an epoxy aldehyde, which on condensation with Ph3P=CHCO2Et afforded an epoxy ester 13 in 80% yield. The regioselective opening of epoxide of 13 was taken place by using trimethyl aluminum (TMA), followed by reduction of an α,β-unsaturated ester with DIBAL-H  afforded the diol compound 15. This diol 15 on selective oxidation in the presence of bis(acetoxy)iodobenzene (BAIB) and 2,2,6,6-tetramethylpiperidine-N-oxide (TEMPO) furnshied the desired δ-hydroxy α,β-unsaturated aldehyde 7 in 90% yield which on iodocyclization afforded the pyran containing compound 6. The 1H and 13C NMR spectra revealed a single isomer which was supported by HPLC analysis data (de ≥ 99%). 


















Scheme 2
       The terminal double bond was oxidatively cleaved following a modified method (NaIO4 and 2,6-lutidine) to obtain aldehyde 16 and a  subsequent oxidation of aldehyde under Pinnick conditions afforded carboxylic acid 17 which on treatment with diazomethane gave the ester 18. Reduction of the double bond over Pd/C under hydrogen atmosphere furnished tetrahydropyran derivative 19 in 93% yield. Nucleophilic addition of the lithiated derivative of dimethyl methyl phosphonate furnished the β-keto phosphonate 20. The β-keto phosphonate 20 on treatment with 3-methylbutanal in the presence of NaHMDS gave α,β- unsaturated ketone 21. The crucial Corey-Bakshi-Shibata (CBS) reduction of α,β-unsaturated ketone 20 using the reagent (S)-2- methyloxazaborolidine in the presence of borane-dimethylsulfide complex installed the C17 stereogenic center present in 5 with a 12:1 diastereomeric ratio (by HPLC) in 82% yield as a separable mixture (Scheme 3). 

























Scheme 3

Synthesis of the acid fragment 8
       The synthesis of acid fragment 8 commenced with the copper-(I)-catalyzed addition of the Grignard reagent vinyl magnesium bromide to the epoxide 9 to afford 10 in 85% yield. The resulting homoallylic alcohol was protected as its TBS-ether using TBSOTf and 2,6-lutidine in anhydrous CH2Cl2 to obtain 22 in 93%yield. Deprotection of the p-methoxybenzyl group of 22 with DDQ in CH2Cl2/H2O (9:1) yielded the primary hydroxy compound 23 in 94% yield. The resulting primary hydroxy group 23 was oxidized with Dess-Martin periodinane to afford the corresponding aldehyde 24 (Scheme 4) which on further oxidation under Pinnick conditions (NaClO2/NaH2PO4/t-BuOH/H2O/2-methyl-2-butene) gave acid 8 whose spectral and analytical data were in good agreement with the reported values.








Scheme 4
Synthesis of the macrolide 2
       With alcohol 5 and acid fragment 8 in hand, our next task was to couple both of the fragments and verify the Prins-type macrocyclization on an 18-membered macrolactone. The coupling of C1-C6 acid fragment 8 and C7-C23 alcohol fragment 5 was performed under Yamaguchi condition. The coupling of acid fragment 8 and alcohol fragment 5 was performed by using 2,4,6-trichlorobenzoyl chloride, Et3N and DMAP in toluene to obtain ester 4 in 93% yield, which contains all 23 carbons of the target molecule (Scheme 5). Deprotection of the PMB ether in 4 upon treatment with DDQ afforded alcohol 25 in 95% yield. The primary hydroxyl group at C7 was then oxidized to an aldehyde 26 by treatment with Dess-Martin periodinane which was taken forward for the next reaction without further purification. The next important task was to perform the Prins-macrocyclization. As expected, the construction of 18-membered macrolide 2 by intramolecular Prins-cyclization of aldehyde 26 was a significant challenge. After extensive investigations, we eventually found that treatment of 26 with >30 equiv of TMSOAc and TESOTf in 0.01M solution of AcOH resulted in the Prins adduct and hydrolysis furnished macrolide 2 in 72% yield over three steps. The outcome of 2 was in good agreement with the previously reported values i.e analytical as well as spectral values.



















Scheme 5
       In summary, our investigations into the allylation of a δ-hydroxy α,β-unsaturated aldehyde with an allyltrimethyl silane in the presence of a catalytic amount of molecular iodine as a protocol combined with the intramolecular Prins-macrocyclization has led to a concise formal total synthesis of leucascandrolide A, which proceeded only in a 20-step longest linear sequence with 11.5% overall yield starting from a known epoxide.
CHAPTER II: Section A:
	This Section describes the introduction to “Olefin Metathesis Reaction and Previous Approaches for Amphidinilactone A ”.
CHAPTER II: Section B:
           This Section describes the “Synthesis of the Macrolactone Core of Amphidinolactone A”.
       In 2007, Kobayashi et al. isolated amphidinolactone A (1), a cytotoxic 13-membered macrolide isolated from a symbiotic dinoflagellate Amphidinium sp. (Y-25) separated from an Okinawa a marine acoel flatworm Amphiscolops sp. The relative and absolute stereo-chemistry of amphidinolactone A (1) has been elucidated on the basis of extensive spectral analysis followed by total synthesis. The interesting biological profile as well as the structural complexity of amphidinolactone A (1) has attracted the attention of synthetic organic chemists worldwide. Recently, we reported a concise and efficient total synthesis of amphidinolactone A via stereoselective intramolecular Nozaki-Hiyama-Kishi reaction.   Construction of lactone through the formation of C-C bond and particularly by intramolecular ring-closing metathesis reaction stands as a promising tool for the synthesis of macrolides and heterocycles. The influence of protecting groups and the substrate specific nature of the ring-closing metathesis reaction have been reported previously. During our studies on the total synthesis of nonenolide and decarestrictine C1 and C2, we observed a complete control of the double bond geometry by the protecting groups during the ring-closing metathesis reaction. In continuation of our interest in exploring ring-closing metathesis reaction for macrolide synthesis and generality, its substrate and protecting group-based selectivity, we planned to synthesize initially the macrolactone core of amphidinolactone A. 

Retrosynthetic analysis of the Amphidinolactone A
       According to our retrosynthetic analysis of amphidinolactone A (1) shown in Scheme 1, core 3 could be achieved through ring-closing metathesis reaction of 5 which in turn could be obtained by coupling of acid fragment 6 and alcohol fragment 7. Acid fragment 6 and alcohol fragment 7 could be obtained from (R)-epichlorohydrin (8) and (R)-2,3-O-isopropylidene glyceraldehyde (9) respectively.



















Scheme 1
Synthesis of the acid fragment 6
       Chiral epoxide 8, prepared by following Jacobsen’s hydrolytic kinetic resolution protocol, was taken as the starting material for the synthesis of acid fragment 6. The epoxide 8 was opened with lithium acetylide prepared from TBS-protected alkyne 10 using n-BuLi in THF at −78 oC to afford 11. The epoxidation of the resulting homopropagyl alcohol 11 proceeded smoothly with NaH in THF at 0 oC to obtain 12. Partial hydrogenation was achieved with Lindlar catalyst to furnish the Z-olefin derivative 13 in 96% yield. One-carbon homologation with dimethyl sulfonium methylide at −10 oC afforded the allylic alcohol 14. Protection of the secondary hydroxyl group as its PMB ether followed by desillylation with p-TsOH in MeOH at room temperature gave the primary alcohol 15. Treatment of the resulting primary hydroxyl group with TEMPO and BAIB furnished the corresponding aldehyde which on further oxidation under Pinnick conditions with NaClO2 in presence of 2-methyl-2-butene afforded the acid fragment 6 (Scheme 2).



















Scheme 2
Synthesis of the alcohol fragment 7
      Synthesis of fragment 7 was commenced with two-carbon homologation of the known aldehyde (R)-2,3-O-isopropylidene glyceraldehyde (8) to obtain α,β-unsaturated ester 18 which was converted to the corresponding E-allylic alcohol 19 by using DIBAL-H to set the platform for introducing two more chiral centers via Sharpless asymmetric epoxidation. Thus the allyl alcohol 19 on treatment with (–)-DET, titanium(IV)isopropoxide and tert-butyl hydroperoxide in CH2Cl2 under anhydrous conditions at –20 oC to yield epoxy alcohol 20. The epoxy alcohol was transformed to its iodo derivative by standard I2, TPP, imidazole protocol which on treatment with activated Zn dust and NaI in refluxing MeOH, reductive epoxide ring opening took place to produce the allyl alcohol 21. The resulting secondary hydroxyl group was protected as its PMB ether to obtain 22 in 92% yield followed by deprotection of the isopropylidene group with p-TsOH in MeOH at room temperature afforded diol 23 in good yield. The primary hydroxyl group of the diol 23 (Scheme 3) was selectively protected as its TBDPS ether using TBDPSCl, imidazole in DCM at 0 oC.















Scheme 3
Synthesis of the macrolactone 3
       Our next target was to couple both the fragments and investigate the critical ring-closing metathesis reaction. As per our investigation in Chapter I, we had followed the Yamaguchi conditions for the esterification reaction. In this case, the yield was only 30-35% with complete consumption of the starting matterials. However, a better result was achieved by uniting both the coupling partners with EDCI and DMAP in CH2Cl2 to afford the triene ester 4 (Scheme 4). Now, the stage was ready to perform the crucial RCM reaction. The ester 4 was refluxed with Grubbs II generation catalyst in CH2Cl2 under high dilution conditions (0.001 M) for 5 h. The reaction was failed to provide the lactone 2. Again this RCM reaction was kept in different concentrations and extending the time, this attempt also proven unsuccessful.











Scheme 4
       To further attempt to prepare the lactone, di-PMB protected ester 4 was treated with DDQ in CH2Cl2:H2O (9:1) to obtain diol 5 in 93% yield (Scheme 5). Treatment of diol 5 with Grubbs 2nd generation catalyst in refluxing CH2Cl2 under high dilution (0.001 M) conditions smoothly furnished the required 13-membered lactone ring system 3 present in amphidinolactone A (1).












Scheme 5
       Geometry (trans) of the newly formed double bond was established by its coupling constant, while one of the olefinic proton signals appeared at δ 5.66 ppm as a doublet of a doublet (Jtrans coupling constant 15.7 Hz) and other olefinic proton signals appeared at their respective chemical shifts. The spectral and analytical data were in good agreement with the constitution and configuration of the assigned structure for 3.
       In summary, effect of protecting groups on the ring-closing metathesis reaction for the construction of 13-membered lactone ring system present in amphidinolactone A has been demonstrated. The coupling partners have been synthesized from commercially available starting materials in a concise manner.
CHAPTER III: Section A:
        This Section describes the introduction to “Previous Approaches for Aspergillide B”.
CHAPTER III: Section B:
         This Section describes the “Stereoselective Study Towards the Total Synthesis of Aspergillide B”.
       In 2007, three 14-membered macrolides, named aspergillides A, B and C were isolated by T. Kusumi et al. from marine-derived fungus Aspergillus ostianus strain 01F313. The biological assay of these compounds revealed a potent cytotoxicity against mouse lymphocytic leukemia cells (L1210) at 2–70 lg/L (LC50). The structures of the new compounds were determined by analyses of 1D and 2D NMR spectra. Their structures were proposed to be heptaketidic 14-membered macrolides and absolute configurations were elucidated by the modified Mosher’s method and chemical conversions. Aspergillides are the 







first examples of 14-membered macrolides incorporated with a trans tetrahydropyran ring. Our recent developed methodology, iodocyclization is going to be a potent protocol for synthesis of pyran rings by using low cost reagents with a quantitative yield. In our group, iodocyclization reaction has been successfully implemented for synthesis of a number of natural products. The trans pyran ring present in the aspergillides attracted our attention for their synthesis following iodo-cyclization methodology developed in our laboratory. 

Retrosynthetic analysis of the Aspergillide B
       The retrosynthetic analysis for the total synthesis of Aspergillide B is illustrated in Scheme 1. Aspergillide B (1) could be derived from the diene compound via ring-closing metathesis which could be obtained from the lactone 4. The lactone 4 could be obtained from the trans-2,6,-disubstituted-3,4-dihydropyrans compound 5 via palladium catalyzed Wacker type oxidation which in turn could be drived from the aldehyde 6 by utilizing our newly developed methodology i.e iodocyclization. The aldehyde 6 could be obtained from the known chiral epoxide 7.











Scheme 1
      The study towards the synthesis of Aspergillide B (1) was started from a known chiral epoxide 7. The Chiral epoxide 7, which was prepared from the racemic terminal epoxide by following Jacobsen’s hydrolytic kinetic resolution protocol, on treatment with CuI and vinyl magnesium bromide to afford the secondary homoallylic alcohol 9 in 85% yield. The resulted homoallylic alcohol 9 was exposed for a cross-metathesis (CM) reaction between the alcohol and acrolein using a Hoveyda-Grubbs catalyst (10 mol%) in CH2Cl2 at room temperature to afford a α,β-unsaturated aldehyde 6 in 92% yield (Scheme 2). Then, the iodocyclization reaction was performed by using 10 mol% of iodine with allyl trimethylsilane to give the trans pyran compound 5. 








Scheme 2
       The terminal double bond was oxidatively cleaved following a modified method (NaIO4 and 2,6-lutidine) to obtain aldehyde 10 and a  subsequent oxidation of aldehyde under Pinnick conditions afforded a carboxylic acid 11 by using NaClO2, NaH2PO4.H2O, 2-methyl-2-butene (Scheme 3). The acid 11 underwent a palladium catalyzed wacker type oxidation with Pd(OAc)2, Cu(OAc)2.2H2O under oxygen atmosphere in DMSO to afford the lactone 12 in 90% yield subsequent hydrogenation of the double bond containing lactone 12 to give the saturated lactone 4. The hydrolytic cleavage of the lactone 4 was taken place by using aqueous lithium hydroxide in THF at 0 oC. The resulting lithiated salt of the hydroxyl acid was allowed to react with TBSOTf and imidazole in DMF to afford the TBS ether compound 2.













Scheme 3
       The acid 2 was coupled with 3 under Yamaguchi condition by using 2,4,6-Trichloro benzoyl chloride, Et3N and DMAP in toluene to give the couple product 13 followed by  deprotection of the PMB group by using DDQ to produce the alcohol 14 which was oxidized with Dess-Martin periodinane to give the aldehyde 15. The resulting aldehyde 15 was 














Scheme 4
subjected for Wittig olefination to furnish the diene 16. The diene 16 when treated with Grubbs 2nd generation catalyst, 17 was formed which was associated with the unrequired cis double bond with 78% yield. The compound 17 was exposed to hν for photoisomerisation of the cis double bond to trans double bond, but this reaction was proven unsuccessful by giving untraced compound. Finally, TBS group was deprotected with TBAF to furnish the cis isomer of aspergillide B (19). Again, the photoisomerisation of the compound 19 was also failed to give the target molecule Aspergillide B (1) (Scheme 4).
       Thus, we envisioned the successful implementation of the iodine catalyzed cyclization of the δ-hydroxy α,β-unsaturated aldehyde towards the total synthesis of Aspergillide B.
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